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Editor: D. BarceloNitratewater pollution,which ismainly caused by agricultural activities, remains an international problem. It can
cause serious long-term environmental and human health issues due to nitrate time-lag in the groundwater sys-
tem. However, the nitrate subsurface legacy issue has rarely been considered in environmental water manage-
ment. We have developed a simple catchment-scale approach to investigate the impact of historical nitrate
loading from agricultural land on the nitrate-concentration trends in sandstones, which representmajor aquifers
in the Eden Valley, UK. Themodel developed considers the spatio-temporal nitrate loading, low permeability su-
perﬁcial deposits, dual-porosity unsaturated zones, and nitrate dilution in aquifers.Monte Carlo simulationswere
undertaken to analyse parameter sensitivity and calibrate the model using observed datasets. Time series of an-
nual average nitrate concentrations from 1925 to 2150 were generated for four aquifer zones in the study area.
The results show that the nitrate concentrations in ‘St Bees Sandstones’, ‘siliciﬁed Penrith Sandstones’, and
‘non-siliciﬁed Penrith Sandstones’ keep rising or stay high before declining to stable levels, whilst that in ‘inter-
bedded Brockram Penrith Sandstones’will level off after a slight decrease. This study can help policymakers bet-
ter understand local nitrate-legacy issues. It also provides a framework for informing the long-term impact and
timescale of different scenarios introduced to deliver water-quality compliance. This model requires relatively
modest parameterisation and is readily transferable to other areas.nvironmen
. This is an© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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Excessive nitrate concentrations in water bodies can cause serious
long-term environmental issues and threaten both economy and
human health (Bryan, 2006; Defra, 2002, 2006a; Pretty et al., 2000;
Thorburn et al., 2003;Ward, 2009). Nitrate in freshwater remains an in-
ternational problem (European Environment Agency, 2000, 2007;
Hinkle et al., 2007; Rivett et al., 2008; Sebilo et al., 2006; Thorburn
et al., 2003; Torrecilla et al., 2005; Wang et al., 2012a; Wang and Yang,
2008; Yang and Wang, 2010). Elevated nitrate concentrations in
groundwater are found across Europe. For example, the European Envi-
ronment Agency (2007) reported that the proportion of groundwater
bodies with mean nitrate concentration N25 mg L−1 (as NO3) in 2003
were 80% in Spain, 50% in the UK, 36% in Germany, 34% in France and
32% in Italy. Despite effortsmade under the EUWater FrameworkDirec-
tive (Directive 2000/60/EC) by 2015 to improve water quality, there is
still a continuous decline in freshwater quality in the UK. For example,
nitrate concentrations are exceeding the EU drinking water standard
(50 mg L−1 (as NO3)) and have a rising trend in many rivers (Burt
et al., 2008, 2011) and aquifers (Smith, 2005; Stuart et al., 2007). It is es-
timated that about 60% of all groundwater bodies in England will fail to
achieve good status by 2015 (Defra, 2006b).
Agricultural land is the major source of nitrate water pollution
(Ferrier et al., 2004; Thorburn et al., 2003; Torrecilla et al., 2005).
Point source discharges have been estimated as contributing b1% of
the total nitrate ﬂux to groundwater in the UK (Sutton et al., 2011). Ag-
ricultural yields are increased by the addition of nitrogen (N) in
fertilisers, but this leads to nitrate leaching into freshwaters (groundwa-
ter and surface water). Nitrate concentrations in groundwater beneath
agricultural land can be several to a hundred-fold higher than that
under semi-natural vegetation (Nolan and Stoner, 2000). During the
last century, the pools and ﬂuxes of N in UK ecosystems have been
transformedmainly by the fertiliser-based intensiﬁcation of agriculture
(Burt et al., 2011). In response to this growing European-wide problem,
the European Commission implemented the Nitrates Directive (91/676/
EEC) to focus on delivering measures to address agricultural sources of
nitrate.
In the freshwater cycle, nitrate leached from soil is subsequently
transported by surface runoff to reach streams or by inﬁltration into
the unsaturated zone (USZ – from the base of the soil layer to the
water table). Nitrate entering the groundwater system is then slowly
transported through the USZs downwards to groundwater in aquifers.
Recent research suggests that it could take decades for leached nitrate
to discharge into freshwaters due to the nitrate time-lag in the USZs
and saturated zones (Ascott et al., in press; Burt et al., 2011; Howden
et al., 2011; Jackson et al., 2007; Wang et al., 2012a, 2016). This may
cause a time-lag between the loading of nitrate from agricultural land
and the change of nitrate concentrations in groundwater and surface
water. For example, Dautrebande et al. (1996) found that the anticipat-
ed decrease in nitrate concentrations in the aquifer following the reduc-
tion of nitrate loading from agricultural land was not observed.
However, current environmental water management strategies rarely
consider the nitrate time-lag in the groundwater system (Burt et al.,
2011; Collins et al., 2009).
The Eden catchment, Cumbria, UK (Fig. 1) is a largely rural area with
its main sources of income being agriculture and tourism (Butcher et al.,
2003; Daily et al., 2006). The Environment Agency's groundwater mon-
itoring data show that some groundwater exceeds the limit of
50 mg L−1 (as NO3) in the Eden Valley (Butcher et al., 2005). In recent
years, the increasingly intensive farming activities, such as the increased
application of slurry to the grazed grassland, have addedmore pressures
on water quality in the area (Butcher et al., 2003, 2005). Efforts have
been made to tackle agricultural diffuse groundwater pollution in the
area. For example, the River Eden Demonstration Test Catchment
(DTC) project (McGonigle et al., 2014) was funded by the Department
for Environment, Food & Rural Affairs (Defra) to assess if it is possibleto cost-effectively mitigate diffuse pollution from agriculture whilst
maintaining agricultural productivity (http://www.edendtc.org.uk/).
The Environment Agency deﬁned Groundwater Source Protection
Zones (SPZs) (http://apps.environment-agency.gov.uk/wiyby/37833.
aspx) in the Eden Valley to set up pollution prevention measures and
tomonitor the activities of potential polluters nearby. However,without
evidence of the impact of nitrate-legacy issues on groundwater quality,
it is difﬁcult to evaluate the effectiveness of existing measures or to de-
cide whether additional or alternative measures are necessary. So a key
question for nitrate-water-pollution management in the area is how
long it will take for nitrate concentrations in groundwater to peak and
then stabilise at an acceptable level (b50mg L−1 (as NO3)) in response
to historical and future land-management measures. Therefore, it is
necessary to investigate the impacts of historical nitrate loading from
agricultural land on the changing trends in nitrate concentrations for
the major aquifers in the Eden Valley.
Wang et al. (2013) studied the nitrate time-lag in the sandstoneUSZ
of the Eden Valley taking the Bowscar SPZ as an example. Outside of the
study area, efforts have been made to simulate nitrate transport in the
USZ and saturated zone at the catchment scale. For example, Mathias
et al. (2006) used Richards' equation (a nonlinear partial differential
equation) to explicitly represents fracture–matrix transfer for both
water and solute in the Chalk, which is a soft and porous limestone.
Price and Andersson (2014) combined a simple USZ nitrate transport
model with fully-distributed complex groundwater ﬂow and transport
models to study nitrate transport in the Chalk. These catchment speciﬁc
models, which require a wide range of parameters and are
computationally-demanding, are of limited value for application to
catchment-scale modelling for nitrate management. There is a need to
develop a simple but still conceptually feasible model suitable for simu-
lating long-term trend of nitrate concentration in groundwater at the
catchment scale. In addition, the nitrate transport in low permeability
superﬁcial deposits has rarely been considered in existing nitrate sub-
surfacemodels. Low permeability superﬁcial deposits, however, overlay
about 20.7% of the major aquifers in England and Wales (BGS, 2015a,
2015b), and 54% of the Permo-Triassic sandstones in the Eden Valley
(Section 2.1).
Based on a simple catchment-scale model developed in this study,
the impact of historical nitrate loading from agricultural land on the
nitrate-concentration trends in sandstones of the Eden Valley was in-
vestigated. By considering themajor nitrate processes in the groundwa-
ter system, this model introduces nitrate transport in low permeability
superﬁcial deposits and in both the intergranular matrix and fractures
in the USZs. Nitrate transport and dilution in the saturated zone were
also simulated using a simpliﬁed hydrological conceptual model.2. Methodologies
2.1. Site setting
The Eden Catchment (2308 km2) lies between the highlands of the
Pennines to the east and the English Lake District to the west. The
River Eden,which is themain river in the catchment, runs from its head-
waters in the Pennines to the Solway Firth in the north-west. The area is
mainly covered by managed grassland, arable land and semi-natural
vegetation.
Carboniferous limestones fringe much of the Eden Catchment
(Fig. 1) and have very low porosity and permeability, thus making a
negligible contribution to total groundwater ﬂow. Therefore, their stor-
age and permeability rely almost entirely on ﬁssure size, extent and de-
gree of interconnection (Allen et al., 2010). They only constitute an
aquifer due to the presence of a secondary network of solution-
enlarged fractures and joints (Jones et al., 2000). Ordovician and Silurian
intrusion rocks form the uplands of the Lake District and can also be
found in the south-east of the catchment (Fig. 1).
AB
Fig. 1. Bedrock geology of the Eden Catchment, UK and a schematic geological cross-section. Derived from BGS 1:250 000 bedrock geological map (BGS, 2015a).
135L. Wang, S.P. Burke / Science of the Total Environment 579 (2017) 133–148
136 L. Wang, S.P. Burke / Science of the Total Environment 579 (2017) 133–148The Eden Valley in the central part of the catchment consists of thick
sequences of the Permo-Triassic sandstones, i.e. St Bees Sandstones and
Penrith Sandstones (Fig. 1). The early Permian Penrith Sandstone For-
mation (up to 900 m thick) dips gently eastwards and is principally
red-brown to brick red in colour with well-rounded, well-sorted and
medium to coarse grains (Allen et al., 2010; Butcher et al., 2003). Ac-
cording toWaugh (1970), these Penrith Sandstones, whichwere depos-
ited as barchans sand dunes in a hot and arid desert environment, can
be divided into three zones, i.e. ‘siliciﬁed Penrith Sandstones’, ‘non-silic-
iﬁed Penrith Sandstones’ and ‘interbedded Brockram Penrith Sand-
stones’ (Fig. 1). The sandstones in the northern part of the formation
are tightly cemented with secondary quartz, occurring as overgrowths
of optically continuous, bipyramidal quartz crystals around detrital
grains. The sandstones in the rest of the formation are not siliciﬁed,
but the sandstones in the southern part are interbedded with calcite-
cemented alluvial fan breccias (brockrams). The study of Lafare et al.
(2015) showed that the borehole hydrographs within the ‘siliciﬁed’
zone are characterised by small amplitudes of seasonality in groundwa-
ter levels. This indicates that siliciﬁed sandstones prevent the aquifer
responding efﬁciently to localised recharge. However, the non-siliciﬁed
sandstones in the middle and southern parts of the Penrith Sandstone
show a greater relative variability of the seasonal component.
The Eden Shale Formationmainly consists ofmudstone and siltstone
and is an aquitard that conﬁnes the eastern part of the Penrith Sand-
stone aquifer. St Bees Sandstone formation conformably overlies the
Eden Shale Formation and occupies the axial part of the Eden Valley
syncline. The formation consists of very ﬁne to ﬁne-grained, indurated
sandstone (Allen et al., 2010). The borehole hydrographs in the St
Bees Sandstones showed that they are more homogeneous than the
Penrith Sandstones and tend to act as one aquifer unit (Lafare et al.,
2015). This study focused on these Permo-Triassic sandstones that
form the major aquifers in the catchment. The ranges of transmissivity,
storage coefﬁcient and porosity of the Permo-Triassic sandstones are
8–3300 (m2 day−1), 4.5 × 10−8–0.12 and 5–35 (%) respectively in the
study area (Allen et al., 1997).
N75% of the bedrocks in the Eden Catchment are covered by Quater-
nary superﬁcial deposits (Butcher et al., 2003, 2008, 2009). Only the
Lake District and escarpment of the Northern Pennines have extensive
areas of exposed bedrock. Glacial till is the most extensive deposit in
the catchment. It is typically a red-brown, stiff, silty sandy clay to a fria-
ble clayey sand with pockets and lenses of medium and ﬁne sand and
gravel and cobble grade clasts (Butcher et al., 2009). The presence of gla-
cial till has the potential to cause increased surface runoff and reduced
groundwater recharge (Butcher et al., 2009; Jones et al., 2000). Accord-
ing to BGS 1:250 000 bedrock and superﬁcial geological maps (BGS,
2015a, 2015b), glacial till covers about 46% of the Eden Catchment and
54% of the Permo-Triassic sandstones (679 km2) in the Eden Valley.
2.2. The nitrate time bomb model (NTB)
The NTBmodel was initially developed to simulate nitrate transport
in theUSZs and to estimate the time and the amount of historical nitrate
arriving at the water table at the national scale (Wang et al., 2012a). It
requires the datasets of a uniform nitrate-input-function, estimated
USZ thickness, and lithologically-dependent rates of nitrate transport
in the USZs. More details about the NTB model are provided by Wang
et al. (2012a). However, the NTB model was extended in the following
ways to simulate the average nitrate concentration in an aquifer zone
for the catchment-scale study.
2.3. Spatio-temporal nitrate loading from agricultural land
The single nitrate-input-function derived in the study of Wang et al.
(2012a) has been validated using mean pore-water nitrate concentra-
tions from 300 cored boreholes across the UK in the British Geological
Survey (BGS) database (Stuart, 2005). It reﬂects the trend in historicaland future agricultural activities from 1925 to 2050 (Wang et al.,
2012a). For example, a rapid rise of 1.5 kg N ha−1 year−1
(1955–1975) nitrogen loading was caused by increases in the use of
chemical-based fertilisers to meet the needs of an expanding popula-
tion. The nitrate loading in the UK peaked in 1980s and then started to
decline as a result of restrictions on fertiliser application in water re-
source management. It was assumed that there would be a return to
nitrogen-input levels similar to those associated with early intensive
farming in the mid-1950s, i.e. a constant 40 kg N ha−1 loading rate
(Wang et al., 2012a). However, this single-input-function only generated
a national average, rather than a spatially distributed input reﬂecting his-
torical agricultural activities across a region. Therefore, a spatio-temporal
nitrate-input-function was introduced for this catchment-scale study to
represent nitrate loading across the Eden Valley from 1925 to 2050.
The NEAP-N model (Anthony et al., 1996; Environment Agency,
2007; Lord and Anthony, 2000), which has been used for policy and
management in the UK, predicts the total annual nitrate loss from the
agricultural land across England and Wales. It assigns nitrate-loss-
potential coefﬁcients to each crop type, grassland type and livestock cat-
egories within the June Agricultural Census data to represent the short-
and long-term increase in nitrate leaching risk associatedwith cropping,
the keeping of livestock and the spreading ofmanures. The NEAP-Ndata
in 1980, 1995, 2000, 2004 and 2010 from the Department for Environ-
ment, Food & Rural Affairs were used in this study. The trend of nitrate
loading from the single nitrate-input-function was used to interpolate
and extrapolate the data for the years other than the NEAP-N data
years. The section of results shows some examples of the spatio-
temporal nitrate-input-functions derived in this study.
2.4. Nitrate transport and dilution in the groundwater system
A simpliﬁed hydrogeological conceptual model was developed to
simulate nitrate transport and dilution processes in the groundwater
system at the catchment scale (Fig. 2) as follows:
• Water and nitrate are transported by intergranular seepage through
the matrix and by possible fast fracture ﬂow in the USZs
• Groundwater recharge supplies water to the Permo-Triassic sand-
stones as an input
• The thickness of glacial till affects the amount and timing of recharge
and nitrate entering the groundwater system
• Groundwater in the Permo-Triassic sandstones ﬂows out of the Eden
Valley via rivers in the form of baseﬂow as an output
• Groundwater is disconnected from rivers where glacial till is present
• The year by year total volume of groundwater (Voltotal) for an aquifer
in a simulation year is the sum of the groundwater background vol-
ume (Volbackground) and the annual groundwater recharge reaching
the water table (Volrecharge). Groundwater recharge and baseﬂow
reach dynamic equilibrium whereby the amount of recharge equals
that of baseﬂow in a simulation year
• Nitrate entering the Permo-Triassic sandstones is diluted throughout
the Voltotal in a simulation year
• The velocity of nitrate transport in the Permo-Triassic sandstones is a
function of aquifer permeability, hydraulic gradient and porosity
• The transport length for groundwater and nitrate can be simpliﬁed as
the three-dimensional (3D) distance between the location of recharge
and nitrate reaching thewater table and their nearest discharge point
on the river network.
More details about nitrate transport and dilution in the groundwater
system will be described in the following sub-sections.
2.4.1. Nitrate transport in low permeability glacial till
Lowpermeability superﬁcial deposits not only control the transfer of
recharge and soluble pollutant to underlying aquifers but also affect the
Fig. 2. The conceptualisation of nitrate transport in glacial till, unsaturated zones and saturated zones.
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2008, 2009). It was assumed in the original NTB model (Wang et al.,
2012a) that the presence of low permeability superﬁcial deposits
stops recharge and nitrate entering aquifers. This simpliﬁcation is sensi-
ble to reduce the number of parameters for a national-scale study. How-
ever, ﬁeld experiments in the Eden catchment undertaken by Butcher
et al. (2009) showed that the thickness of lowpermeability glacial till af-
fects the amount of water and nitrate entering the groundwater system.
It was found that glacial till can be relatively permeable when its thick-
ness is b2 m, within which the superﬁcial deposits are likely to be
weathered and fractured. Therefore, the spatial distribution of the thick-
ness of glacial till exerts a strong inﬂuence on groundwater recharge
processes to the underlying USZs in the study area (Butcher et al.,
2009). In the study area, more than half of the Permo-Triassic sand-
stones are overlain by glacial till as described above. According to
Lawley and Garcia-Bajo (2009), about 59% of glacial till has a thickness
b2 m. Therefore, it is important to consider the water and nitrate trans-
port in glacial till for this catchment-scale study, rather than have the
same assumption as the national-scale study of Wang et al. (2012a).
The thicker the glacial till, the less water can transport through gla-
cial till thus reducing recharge rates; and the reduction of recharge
will be diverted to surface runoff (Butcher et al., 2008, 2009; Jones
et al., 2000). The following sub-section describes how the reduction of
recharge is estimated.
2.4.1.1. Estimating the reduction of recharge. A soil-water-balance model
SLiM (Barkwith et al., 2015; Wang et al., 2012b) was used to estimate
distributed recharge (1961–2011) in this study using the information
on weather and catchment characteristics, such as topography, land-
uses and baseﬂow index. Based on the BGS database of the spatial distri-
bution of the thickness of superﬁcial deposits (Lawley and Garcia-Bajo,
2009), glacial till was divided into ﬁve thickness classes, i.e., 0–2 m,
2–5 m, 5–10 m, 10–30 m, and N30 m. A parameter (RRch) was intro-
duced into the soil-water-balance model to represent the reduction of
recharge (percentage of the amount of recharge at the base of the soil
that cannot enter the groundwater system) or the increase of runoff
for ﬁve thickness classes of glacial till. Monte Carlo (MC) simulations
were undertaken to calibrate the recharge model for this study. The pa-
rameter of reduction of rechargewas randomly sampledwithin 0–100%
for each thickness class; and the modelled results were compared with
the surface component of observed river-ﬂow data for 19 gauging sta-
tions in the study area. Scatter plots for RRch against the performanceof the recharge model from MC simulations were produced to identify
the reduction of recharge for each thickness class of glacial till. The re-
sults section (Section 4) provides more details. The reduction of re-
charge affects the amount of both water and nitrate entering the
groundwater system as described below.
2.4.1.2. Estimating the amount of water and nitrate transport through gla-
cial till. The presence of low permeability glacial till reduces the amount
of water and nitrate entering the underlying unsaturated zones asmen-
tioned above. Therefore, where the glacial till is present, the amount of
nitrate entering the groundwater system can be expressed as:
MDRIFT;i tð Þ ¼ Mi t−RTimeDRIFT;i
   1−RRchi=100ð Þ ð1Þ
RTimeDRIFT;i ¼ ThicknessDRIFT;i=VDRIFT;i ð2Þ
whereMDRIFT, i(t) (mg NO3) is the amount of nitrate travelling through
the glacial till into the USZs at cell i in the year of t; RTimeDRIFT, i (year)
is the nitrate-residence time in glacial till at cell i (Fig. 1); Mi(t− -
RTimeDRIFT, i) (mg NO3) represents the amount of nitrate loading from
the base of the soil at cell i in the year of t−RTimeDRIFT, i; ThicknessDRIFT,i
is the thickness of glacial till at cell i (Fig. 2); VDRIFT,i (m year−1) is the
nitrate-transport velocity in glacial till; and RRchi (%) is the reduction
of recharge at cell i where glacial till exists. RRchi was assigned to be
zero where no glacial till is present in this study.
2.4.2. Nitrate-transport velocity in the Permo-Triassic sandstone USZ
The groundwater recharge rate, aquifer porosity and the storage co-
efﬁcient are key factors affecting pollutant velocity of transport in the
USZs (Leonard and Knisel, 1988). The spatially distributed nitrate veloc-
ity in the USZs and hence the residence time can be expressed as equa-
tions below (Rao and Davidson, 1985; Rao and Jessup, 1983):
VUSZ;i ¼
qi
Sraquifer  Rf aquifer
ð3Þ
RTimeUSZ;i ¼ ThicknessUSZ;i=VUSZ;i ð4Þ
where ThicknessUSZ, i is the USZ thickness at cell i (Fig. 2); VUSZ, i
(m year−1) is the nitrate-transport velocity in the unsaturated zone;
qi (m year−1) is groundwater recharge at cell i; Rfaquifer (−) is the retar-
dation factor determined in the calibration procedure; and Sraquifer (−)
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mains in the rock after it is drained by gravity. Sraquifer is the difference
between porosity and speciﬁc yield of aquifers.
2.4.3. Groundwater available for nitrate dilution
Aquifers are discretised into equal-sized cells for numerical model-
ling purposes. The total volume of groundwater Voltotal(t) (m3) in a sim-
ulation year t can be expressed as:
Voltotal tð Þ ¼ Volbackground þ Volrecharge tð Þ ð5Þ
Volbackground ¼
Xn
i¼1
Ai  Daquifer  Syaquifer ð6Þ
where Ai (m2) is the area of the cell i; Daquifer (m) is the depth of active
groundwater (for nitrate dilution) in an aquifer; Syaquifer (−) is the spe-
ciﬁc yield representing the aquifer drainable porosity; and n is the total
number of cells in the aquifer.
According to the ‘piston-displacement’ mechanism (Headworth,
1972; Price et al., 1993), water and nitrate are displaced downwards
from the top of the USZs. Therefore, instead of travelling through the
USZs, water and nitrate reaching the water table are displaced from
the bottom of the USZs. This explains why observations show that the
water table responds to recharge events at the surface on a time-scale
of days or months, whilst the residence time for pollutant ﬂuxes in the
USZs is in the order of years (Headworth, 1972; Lee et al., 2006; Wang
et al., 2012a).
In the USZs, water and nitrate could be transported through both the
intergranular matrix and fractures in dual-porosity strata (Headworth,
1972; Jackson et al., 2007; Smith et al., 1970). The ratio of fracture
ﬂow (RFF) was introduced in this study to represent the amount of
water that is transported through the fractures in theUSZs, therebyhav-
ing a limited time-lag. Therefore, the volume of recharge entering an
aquifer Volrecharge(t) (m3) in the simulation year t can be represented as:
Volrecharge tð Þ ¼
Xn
i¼1
Ai  qi t−Rpq
 
 1−RFF=100ð Þ þ qi tð Þ  RFF=100
h i
ð7Þ
where t is time (year); Rpq (year) is the water-table-response time to
rainfall events; RFF(%) is the percentage of fast ﬂow travelling via frac-
tures in the USZs; qi(t−Rpq) ⋅(1−RFF/100) (m year−1) is the annual
recharge that enters aquifers as piston ﬂow at cell i at time t−Rpq;
and qi(t) ⋅RFF/100represents the amount of water entering aquifers via
fractures in the USZs in the year t.
According to the study of Lee et al. (2006), the value of Rpqis con-
trolled by several factors, such as the thickness of the USZs, moisture
content and fractures in the USZs, and rainfall densities. The way of
identifying Rpqwill be described in the model construction section
(Section 3.1).
2.4.4. The velocity of nitrate transport in aquifers
The average velocity of nitrate transport in an aquifer
VSmean(m year−1) can be calculated using the equations:
VSi ¼
365  Taquifer  Gi
Daquifer Φaquifer
ð8Þ
Gi ¼ GWLi−RLiDisti
ð9Þ
VSmean ¼
Xn
i¼1
VSi
n
ð10Þ
where Taquifer (m2 day−1) is the transmissivity of the aquifer;Gi (−) and
Disti (m) are, respectively, the hydraulic gradient and horizontaldistance between cell i and the nearest point where groundwater is
discharged into the river; GWLi (m) is the groundwater level for cell i;
RLi (m) is the river stage at the nearest river point to cell i; Daquifer
(m) is the depth of active groundwater in an aquifer; Φaquifer is the po-
rosity of an aquifer zone; VSi (m year−1) is velocity of nitrate transport
for cell i; and n is the total number ofmodelling cells in the aquifer zone.
Eqs. (8)–(10) were used only when an aquifer cell does not overlap
with a river cell. If aquifer cells spatially overlap with river cells, the ni-
trate travel time in them was assigned to be zero without using these
equations.
2.4.5. Annual nitrate concentration in groundwater
Annual nitrate concentration Conaquifer(t) (mg L−1 (as NO3)) for an
aquifer in year t can be represented as:
Conaquifer tð Þ ¼
Xn
i¼1
MDRIFT;i t−RTimeNONDRIFT;i
   1−ATT=100ð Þ
Voltotal  1000
ð11Þ
RTimeNONDRIFT;i ¼ RTimeUSZ;i þ RTimeSZ;aquifer ð12Þ
RTimeSZ;aquifer ¼
Xn
i¼1
Dist3D;i=VSmean
n
ð13Þ
where MDRIFT, i(t−RTimeNONDRIFT, i) (mg NO3) is the amount of nitrate
loading from the base of glacial till into the USZs at cell i in the year of
t−RTimeNONDRIFT, i; RTimeNONDRIFT, i (year) is the residence time for ni-
trate to travel through the USZs and aquifers at cell i (Fig. 2); RTimeUSZ,i
(year) is the nitrate-residence time at cell i in the USZs; RTimeSZ,aquifer
(year) is the average residence time for nitrate dilution and transport
in the aquifer; Dist3D,i is the 3D distance between cell i and its nearest
discharge point on a river; and ATT(%) is the attenuation factor
representing the percentage of nitrate mass that is attenuated in the
USZs. ATTwas assigned to be zero in this study by assuming that nitrate
is conservative in the groundwater system as described in the section of
discussion.
3. Modelling procedure
3.1. Model construction and data
Based on BGS 1:250 000 bedrock geological map (BGS, 2015a), the
Permo-Triassic sandstones in the Eden Valley were divided into four
aquifer zones, i.e. ‘St Bees Sandstones’, ‘siliciﬁed Penrith Sandstones’,
‘non-siliciﬁed Penrith Sandstones’ and ‘interbedded Brockram Penrith
Sandstones’ as described previously. These aquifer zones were then
discretised into 200 m by 200 m cells. The St Bees Sandstone formation
is separated from the Penrith Sandstones by impermeable Eden Shale
Formation. Since the groundwater ﬂow in the study area is dominated
by ﬂow to the River Eden (Butcher et al., 2003; Daily et al., 2006), the
groundwater-ﬂow direction in the Penrith Sandstones is almost parallel
to the boundaries between aquifer zones of the Penrith Sandstones. This
indicates that the groundwater interaction between aquifer zones is
limited and can be ignored in this study.
In order to determine the water-table-response time to rainfall
events Rpq, the cross-correlation method, which is a time series tech-
nique, has been adopted in this study. Cross-correlation has been used
to reveal the signiﬁcance of the water-table response to rainfall (e.g.
Lee et al., 2006; Mackay et al., 2014). Datasets used for this calculation
include the time series of monthly rainfall (1961–2011) from theMete-
orological OfﬁceRainfall and Evaporation Calculation System (MORECS)
(Hough and Jones, 1997), and groundwater level in the Skirwith Bore-
hole in the study area. Rpq was set to the period of time over which
there is a correlation between groundwater level and rainfall at the
95% conﬁdence level, assuming that it is homogenous in the study
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level for 15 months, thereby indicating that it takes 15 months for the
groundwater level in the Permo-Triassic sandstones in the study area
to fully respond to the monthly rainfall event.
The information on glacial till thickness ThicknessDRIFT, iwas derived
using the BGS 1:250 000 superﬁcial deposits geological map (BGS,
2015b) and BGS database of the thickness of superﬁcial deposits
(Lawley and Garcia-Bajo, 2009). According to the ﬁeld experiments un-
dertaken by Butcher et al. (2008, 2009), the nitrate velocity in glacial till
VDRIFT,i is 0.6 m year−1 whilst nitrate travels, on average, 3.5 m year−1
in the USZs of the Permo-Triassic sandstones.
The river network derived from the gridded Digital Surface Model
(NextMap DSM) was used to calculate the distance to river points for
each cell. BGS 1:250 000 superﬁcial geological map (BGS, 2015b) was
also used to identify the locations where aquifers are disconnected
from rivers due to the presence of glacial till. These locations were not
consideredwhen calculating the distance to the river. The hydraulic gra-
dient Gi was calculated using the long-term-average (1961–2012)
groundwater levelsGWLi (Wang et al., 2013) and river levels RLi derived
from the NextMap DSM data in the study area. The USZ thickness
ThicknessUSZ, i was calculated using GWLi and the NextMap DSM data
in the study area. The yearly distributed recharge estimates from the
calibrated recharge model mentioned above were used to simulate
nitrate-transport velocity in the Permo-Triassic sandstone USZs and
the groundwater volume Voltotal(t), respectively.
3.2. Calibration
Monte Carlo (MC) simulationswere also undertaken to calibrate the
extended NTB model developed in this study. In this study, MC param-
eters includeΦaquifer (the porosity for an aquifer zone), Syaquifer (speciﬁc
yield), Rfaquifer (retardation factor for calculating the nitrate velocity in
the USZs), Taquifer (transmissivity), Daquifer (depth of active groundwa-
ter) and RFF (the ratio of fracture ﬂow in the USZs). These MC parame-
terswere randomly sampledwithin a ﬁnite parameter range to produce
onemillion parameter sets. The upper and lower bounds of the range for
each of parameter were deﬁned based on literature, observed results or
expert judgment. For example, the aquifer properties of active ground-
water depth, porosity, transmissivity and speciﬁc yield were based on
the collation of Allen et al. (1997), assuming that they are homogenous
in each aquifer zone. Performing MC simulations is a computer-
intensive task especiallywhenmultiple parameters are involved. There-
fore, it is good practice to reduce the number of parameters for MC sim-
ulations by ﬁxing some parameters using available information on the
aquifer zones. Parameters that can be identiﬁed or calculated based on
existing datasets, methods and hydrogeological knowledge from
hydrogeologists were ﬁxed. These ﬁxed parameters of this model in-
clude Ai (the area for a modelling cell i), qi (the recharge value forFig. 3. Cross-correlation between rainfall and groundwater levels of the Skirwith Borehole
in the Eden Valley, UK.celli), Rpq (the water-table-response time to recharge events), GWLi
(the groundwater level for cell), RLi (the river level for celli),
ThicknessDRIFT, i (the thickness of glacial till at celli), VDRIFT, i (the nitrate
velocity in glacial till), ThicknessUSZ,i (the USZ thickness at cell i),Gi (hy-
draulic gradient), and etc. For example, the time-variant distributed re-
charge was estimated using the SLiM model (Section 2.4.1.1). The
section of model construction describes the parameterisation of some
of these ﬁxed parameters.
Two sets of MC simulations were conducted to calibrate the extend-
ed NTB model. The ﬁrst one was to calibrate the model against the ni-
trate velocity value in the Permo-Triassic sandstone USZs, which was
derived from measurements of porewaters from drill cores in the
Eden Valley (Butcher et al., 2008, 2009). The second MC simulation
was then conducted using the observed average nitrate concentrations
from the Environment Agency for each aquifer zone. In the former, the
bias (absolute difference) between simulated and observed nitrate ve-
locity in the USZs was used to evaluate the model ﬁt. In the latter, the
Nash-Sutcliffe efﬁciency (NSE) score (Nash and Sutcliffe, 1970) was
used to calculate the goodness-of-ﬁt between observed and modelled
nitrate concentrations, via:
NSE ¼ 1−
XN
i¼1
Vobsi−Vsimið Þ2
XN
i¼1
Vobsi−Vobs
 2 ð14Þ
where Vobsi is the observed value at the ith time-step; Vsimi the simulat-
ed value at the ith time-step; N is the total number of simulation time-
steps; andVobs is the average value of observation inNsimulation times.
A zeroNSEscore indicates thatmodelled data are considered as accu-
rate as themean of the observed data, and a value of one suggests a per-
fect match of modelled to observed data. The model with the highest
NSE score in a set of MC simulations is deemed to have the optimumpa-
rameter set. The NSE score was also used in calibrating the recharge
model mentioned above.
In the second MC simulation, the observed nitrate concentrations
were partitioned into two sets of 70% forMC simulation and 30% for val-
idation. The average value of theNSE scores in the calibration of the NTB
model for four aquifer zones (0.32–0.69) is 0.48, whilst that for aquifer
zones in the validation (0.33–0.67) is 0.46. This indicates that the risk of
overﬁtting in calibrating the NTB model is limited.
4. Results
4.1. Spatio-temporal nitrate-input-function
A spatio-temporal nitrate-input-function was derived using a com-
bination of NEAP-N predictions and the single nitrate-input-function
as mentioned above. It contains a nitrogen loading map for each year
from 1920 to 2050. Fig. 4 shows some examples of time series of nitrate
loading at locations randomly selected within the study area. The actual
nitrate loading for a cell depends on land-use type, livestock density and
the measures of farming activities at this location. In general, it shows
that the improved grassland (fertilised grassland) and arable land-
uses have higher nitrate loading than the woodland land-use type.
The low nitrate loading between 1925 and 1940 reﬂect the pre-war
low level of intensiﬁcation with very limited use of non-manure-
based fertilisers. The gradual rise of nitrate loading from 1940 to 1955
was the result of the intensiﬁcation of agriculture during, and just
after, World War II. Nitrate loading reached its peak value during the
1980s after a rapid rise (1955–1975) due to increases in the use of
chemical based fertilisers, and then started to decline as a result of re-
strictions on fertiliser application. Fig. 5 shows the spatial distribution
of nitrate loading in some years. Generally, thewestern part of the ‘silic-
iﬁed Penrith Sandstones’ and the eastern and northern parts of the ‘St
Fig. 4. Derived nitrate-input-functions at three locations randomly selected within the land-uses of ‘improved grassland’, ‘arable and horticulture’ and ‘woodland’ in the Eden Valley, UK.
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area (Fig. 5).
4.2. Sensitivity analysis
A sensitivity analysis was conducted when carrying out MC simula-
tions to calibrate both the rechargemodel and the extended NTBmodel.
The purposewas to determinewhich parameters contributemost to the
model efﬁciency, and which of them are identiﬁable within a speciﬁc
range linked to known physical characteristics of different hydrologicalor hydrogeological processes. Each MC run was plotted as a dot in the
scatter plots to show themodel performance of a MC run in the vertical
axiswhen using a parameter value on thehorizontal axis. In each scatter
plot, manyMC runs form a cloud of dots to represent a response surface
that indicates how themodel performance changes as each parameter is
randomly perturbed.
Asmentioned above, the reduction of recharge (RRch)was identiﬁed
for each thickness class of glacial till through the MC simulations of the
groundwater rechargemodel. It shows that the rechargemodel is sensi-
tive to the parameter of RRch for all ﬁve thickness classes of glacial till.
Fig. 5. The spatial distribution of nitrate loading in some years for the Permo-Triassic Sandstones in the Eden Valley, UK.
141L. Wang, S.P. Burke / Science of the Total Environment 579 (2017) 133–148The performance of the recharge model reached its highest (NSE =
0.853)when RRch of the 0–2m thickness classwas set to 55.6%. Howev-
er, the recharge model produced better results when RRch for rest of
thickness classes, i.e. 2–5 m, 5–10 m, 10–30 m and N30 m, were closeto 100%. This indicates that about 44% of water and nitrate can travel
through the thin glacial till with a thickness of b2 m, whilst no water
and nitrate enters the underlying Permo-Triassic sandstones when the
thickness of overlying glacial till is larger than 2 m. This is consistent
142 L. Wang, S.P. Burke / Science of the Total Environment 579 (2017) 133–148with theﬁndings from theﬁeld experiments in the study area undertak-
en by Butcher et al. (2009).
In the ﬁrst set of MC simulation (Section 3.2), speciﬁc yield Syaquifer,
porosity Φaquifer and the retardation factor Rfaquiferwere initially varied
together resulting in a group of behavioural runs (with bias
b0.001 m year−1). In order to clearly demonstrate parameterFig. 6. Sensitivity scatter plots for parameter values in estimating the nitrate velocity in theUSZs
Monte Carlo runs and the black dot denotes the optimum parameter value.sensitivity, further MC simulations were undertaken by varying one pa-
rameter at a time whilst ﬁxing the other two parameters (Fig. 6). The
values of ﬁxed parameters were determined by a set of parameter
values chosen from one of the behavioural models from the initial MC
runs. Fig. 6 shows that the extended NTB model is very sensitive to
these parameters in all four aquifer zones. These parameters, therefore,of four aquifer zones in the EdenValley, UK. Grey dots indicate individual parameters from
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these scatter plots. The optimum parameter values, which are denoted
by black dots, result in the minimum bias in the MC simulations. In
the second set of MC simulations for calibrating the extended NTB
model against the observed nitrate concentrations, it was found that
the model is sensitive to the depth of active groundwater Daquifer and
transmissivity Taquifer, but slightly less sensitive to the ratio of fracture
ﬂow RFF in the USZs (Fig. 7).Fig. 7. Sensitivity scatter plots for parameter values in simulating the nitrate concentrations of
Monte Carlo runs and the black dot denotes the optimum parameter value.4.3. Estimates of nitrate concentration
The annual nitrate concentrations from1925 to 2150 for four aquifer
zones in the Eden Valley were simulated based on the calibrated ex-
tended NTB model. The NTB-Model performance was evaluated using
the simulated nitrate concentrations from the best model and all ob-
served data (Table 1). The values of (Modelled mean − Observed
mean)/Observed range show that the NTB model may overestimate orfour aquifer zones in the Eden Valley, UK. Grey dots indicate individual parameters from
Table 1
The NTB-model performance in four aquifer zones of the Eden Valley, UK.
Model performance evaluation method St Bees
Sandstones
Siliciﬁed Penrith
Sandstones
Non-siliciﬁed Penrith
Sandstones
Interbedded Brockram Penrith
Sandstones
Modelled mean (mg L−1 (as NO3)) 20.7 26.2 32.4 30.1
Observed mean (mg L−1 (as NO3)) 19.3 29.2 34.1 29.7
Modelled range 23.1 25.8 30.9 20
Observed range 28.3 30.3 32.5 22.4
(Modelled mean − Observed mean)/Observed range (%) 4.9 −9.9 −5.2 1.8
Modelled median (mg L−1 (as NO3)) 20 25.1 30 28
Observed median (mg L−1 (as NO3)) 21.1 30 34.7 19.9
Root Mean Square Error (RMSE: mg L−1 (as NO3)) 2.8 3.5 5.9 4
RMSE/Observed range (%) 9.9 11.6 18.2 17.9
NSE 0.68 0.53 0.29 0.37
144 L. Wang, S.P. Burke / Science of the Total Environment 579 (2017) 133–148underestimate the nitrate concentrations. The NTB model produces the
best performance in the ‘St Bees Sandstones’ with a NSE value of 0.68
and a Root Mean Square Error (RMSE) value of 2.8 mg L−1 (as NO3),
which is 9.9% of the range of observed nitrate concentrations
(28.3 mg L−1 (as NO3)). In the ‘non-siliciﬁed Penrith Sandstones’, the
NSE and RMSE values are 0.29 and 5.9 mg L−1 (as NO3) (18.2% of the
range of observed data) respectively. The performance of the NTB
model in other aquifer zones of the study area is in between that of
these two. The visual inspection (Fig. 8) also shows that the modelled
time series of nitrate concentrations are in good agreementwith the ob-
served data, and canwell reﬂect trends in the observed data in the study
area. Therefore, this is acceptable for such a modelling study that focus-
es on the long-term trends in the annual average nitrate concentrations
in aquifer zones.
Spatially distributed recharge values between 1961 and 2011 were
used in simulating nitrate concentrations. The spatially distributed
long-term-average recharge values (1961–2011) were used for years
outside of the period from 1961 to 2011, thus resulting in less ﬂuctua-
tion in the modelled nitrate concentrations from year to year.
The results show that the nitrate concentration in the ‘St Bees Sand-
stones’ keeps rising until the peak value of 36 mg L−1 (as NO3) is
reached at the nitrate-concentration-turning-point year 2021. Itwas es-
timated that the nitrate concentration in the ‘siliciﬁed Penrith Sand-
stones’ will have reached its peak value of 43 mg L−1 (as NO3) in the
year 2051. The nitrate concentration in the ‘non-siliciﬁed Penrith Sand-
stones’ is at its peak value that will last from 2015 to 2034. After
reaching peak values, the nitrate concentrations in these three aquifer
zones will decline to stable levels. It was also found that the nitrate con-
centration in the ‘interbedded BrockramPenrith Sandstones’ has passed
it peak and started to level off after a slight decrease.
5. Discussion
5.1. Nitrate-concentration trends
An extended NTBmodel was developed in this study to assess long-
term trends of nitrate concentrations in aquifer zones at the catchment
scale. The extended NTB model ﬁts the purpose of this study, and the
modelled nitrate concentrations can well reﬂect the trends in the ob-
served data of the s03tudy area (Section 4.3). The results show that
the nitrate concentration in the ‘interbedded Brockram Penrith Sand-
stones’ has passed its peak value and is declining slightly. The nitrate
concentrations in ‘St Bees Sandstones’ and ‘siliciﬁed Penrith Sandstones’
are rising until their nitrate-concentration-turning-point years are
reached, whilst that in the ‘non-siliciﬁed Penrith Sandstones’ is at its
peak value and will start to decrease from 2034. However, nitrate con-
centrations in all four aquifer zones will eventually level off with values
below the EU drinking water standard (50 mg L−1 (as NO3)). Although
the nitrate-concentration trends in aquifers are controlled by many fac-
tors in each cell of the modelling area, such as recharge, nitrate loading,
glacial till thickness, USZ thickness, USZ fracture ﬂow, and aquiferproperties. However, the thickness of UZSsmay partially explain the dif-
ferent nitrate-concentration trends in these four aquifer zones. Since
‘interbedded Brockram Penrith Sandstones’ has an average USZ thick-
ness of 2 m, which is much lower than that in ‘St Bees Sandstones’
(14.5 m), ‘siliciﬁed Penrith Sandstones’ (45 m) and ‘non-siliciﬁed
Penrith Sandstones’ (12.9 m), its USZ has a much shorter nitrate time-
lag than that in the other three USZs. Therefore, it will be easier for
the peak nitrate loadings in ‘siliciﬁed Penrith Sandstones’ than that in
‘siliciﬁed Penrith Sandstones’ to reach the water table. These results
are valuable for the management of both groundwater and surface
water in the study area. Groundwater is essential for maintaining the
ﬂow of many rivers in the form of baseﬂow when rivers are connected
with high permeability aquifers. Nine river gauging stations in the
Permo-Triassic Sandstones in the Eden Valley have an average baseﬂow
index of 43% (NERC, 2003). This indicates that the nitrate remaining in
the Permo-Triassic Sandstones will affect the long-term quality of sur-
face water and hence the ecological quality in the study area.5.2. Fracture ﬂow in the USZs
Since there is limited information about the fracture ﬂow in the
Permo-Triassic Sandstone USZs of the study area, MC simulations
were undertaken to better understand the fracture ﬂow in these USZs.
As mentioned in the section of sensitivity analysis, the ratio of fracture
ﬂow in the USZs RFF is identiﬁable for each aquifer zone. It was found
that the optimum RFF values for the USZs of ‘St Bees Sandstones’, ‘silic-
iﬁed Penrith Sandstones’, ‘non-siliciﬁed Penrith Sandstones’ and ‘inter-
bedded Brockram Penrith Sandstones’ are 0.035%, 19.4%, 0.134% and
0.002% respectively. This indicates that 19.4% of water and nitrate travel
through fractures in the USZ of ‘siliciﬁed Penrith Sandstones’, whilst
N99.8% of water and nitrate is transported by intergranular movement
through the matrix in the other three USZs. Fig. 1 shows that there are
more faults cutting through the sandstones in the ‘siliciﬁed Penrith
Sandstones’ than other aquifer zones where the density of faults is
low or faults have developed along the aquifer boundary. This may par-
tially explain why the ‘siliciﬁed Penrith Sandstones’ have higher values
of RFF than other three aquifer zones.5.3. Method transferability
The approach developed in this study can represent the major
hydrogeological processes in the groundwater systemusing a simpliﬁed
conceptual model. It can be used to investigate the impact of historical
nitrate loading from agricultural land on the long-term trends of nitrate
concentrations in aquifers at the catchment scale. Although it was dem-
onstrated by its application in the Eden Valley, UK, themethods for pre-
paring most of the model parameters have been described. Therefore,
this simple approach is reproducible by other scientists to address
nitrate-legacy issues faced by many countries.
Fig. 8. Time series of modelled and observed nitrate concentrations of four aquifer zones in the Eden Valley, UK. The dashed lines are the modelled annual nitrate concentrations and the
crosses are the observed values.
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However, a number of limitations should be considered when
interpreting the modelled results in this study. First, the seasonal inter-
actions between aquifers and rivers have been ignored in thismodelling
study with an annual time-step. The magnitude of water exchange be-
tween aquifers and rivers is governed by aquifer-river connectivity,
the permeability of the riverbed, and the seasonal ﬂuctuations of
groundwater levels and river stages (e.g. Calver, 2001; Fleckenstein
et al., 2006; Kirk and Herbert, 2002). Water and nitrate in rivers could
inﬁltrate into aquifers via hyporheic zone due to the fast rise of river
stage after storms in dry seasons. Doussan et al. (1997) found that ni-
trate concentrations are consistently reduced when river water inﬁl-
trates into the ﬁrst few metres of bed sediments. The denitriﬁcation
rates in hyporheic zones are affected by temperature, sediment grain
size, and dissolved oxygen (Grimaldi and Chaplot, 2000). However,
these detailed processes in hyporheic zones have been simpliﬁed in
this study, which focused on the annual average nitrate concentrations
in aquifer zones. In general, groundwater eventually ﬂows to surface
water and maintains the ﬂow of many rivers. Groundwater ﬂow in the
study area is dominated by ﬂow to the River Eden (Butcher et al.,
2003; Daily et al., 2006). Therefore, groundwater recharge can be
treated as the input of the groundwater system in the Eden Valley;
and the output of the system is the baseﬂow entering the River
Eden. It was assumed that the input and output of the Permo-
Triassic sandstone aquifers in the Eden Valley reach a dynamic bal-
ance on an annual basis. As mentioned previously, the aquifers are
disconnected from rivers where glacial till is present in the study
area. This method, however, can be improved to represent the de-
tailed water and nitrate interactions between aquifers and rivers
when simulating seasonal or monthly nitrate concentrations in the
future.
Denitriﬁcation, which is generally facilitated by the absence of oxy-
gen, is a microbial process in which nitrate is progressively reduced to
nitrogen gas. Denitriﬁcation is considered to be the dominant nitrate at-
tenuation process in the subsurface system (Rivett et al., 2007, 2008).
However, Rivett et al. (2007) suggested that denitriﬁcation only ac-
counts for a loss of 1–2% in the USZs in general. Butcher et al. (2005)
found no evidence for denitriﬁcation and concluded that denitriﬁcation
is not a signiﬁcant process controlling nitrate concentrations in the USZs
and unconﬁned aquifers of the Permo-Triassic Sandstones in the Eden
Valley. Furthermore, evidence from the porewater chemistry of the
cored borehole in the study area showed that oxidation of ammonium
to nitrite (nitriﬁcation) occurs instead in the USZs (Butcher et al.,
2008). In spite of this, detailed information on the distribution of nitriﬁ-
cation in the study area is unavailable. Therefore, it was assumed that
nitrate is conservative and its biogeochemical processes in the ground-
water systemhave been ignored in this study. However, the attenuation
factor ATT has been introduced into the model and it can be
parametrised when more information on nitrate attenuation in the
groundwater system is available.
The long-term annual average recharge between 1961 and 2011 has
been used to simulate nitrate concentrations in the future because the
agreed future change scenarios were unavailable for this study. Conse-
quently, nitrate concentrations estimated after 2011 should be treated
with caution and are simply indicative of the most likely peak average
nitrate concentrations.When future recharge values under different cli-
mate change scenarios become available, better simulations can be
performed.
Since there were no time-variant groundwater-level data available
for this study, it was assumed that the groundwater background volume
Volbackground remains the same in each simulation year. When the infor-
mation on time-variant groundwater ﬂow in the study area becomes
available in the future, the model can be improved to produce a better
estimation of the time-variant total volume of groundwater (Voltotal)
and hence the nitrate concentrations.It was assumed that the future nitrogen-fertiliser-application rate
will be reduced to the level in the mid-1950s, i.e. 40 kg N ha−1 (Wang
et al., 2012a) when deriving the spatio-temporal nitrate-input-
function (Figs. 4 and 5) using the NEAP-N data and the single nitrate-
input-function. This explains the levelling off nitrate concentrations
after passing their peak values in four aquifer zones of the study area.
Once a set of agreed scenarios of future nitrate loading becomes avail-
able, the model is able to better estimate nitrate concentrations into
the future. In addition, the lateral migration of nitrate in the USZs was
ignored in this study due to the lack of information on this. Finally, hy-
drodynamic dispersion of nitrate in the unsaturated zones due to both
mechanical dispersion and diffusion will occur, but was not accounted
for in this study. All these simpliﬁcations, however, facilitated the
modelling procedures for this simple approach,which requires relative-
ly modest parameterisation but provides a framework for better
informing land-management strategy that needs to take better account
of nitrate-legacy issues.
6. Conclusions
This paper presents a catchment-scale approach to modelling the
long-term trends in nitrate concentrations in aquifers. It requires rela-
tively modest parameterisation and runs on an annual time-step. How-
ever, it considers enough hydrogeological processes at the catchment
scale but in simpliﬁed ways. For example,
• the spatio-temporal nitrate loading from agricultural land has been
derived
• the impact of low permeability superﬁcial deposits on nitrate trans-
port was considered
• a simple methodology was introduced to represent the nitrate trans-
port via both the intergranular matrix and fractures in the USZs
• a simpliﬁed hydrological conceptual model was developed to simu-
late nitrate transport and dilution in aquifers.
The model provides useful estimates of present and future nitrate
concentrations in aquifers. These results can help policymakers under-
stand how the historical nitrate loading from agricultural land affects
the evolution of the quality of groundwater and groundwater-
dependent surface waters. It also helps develop time frames to assist
in understanding the success of programmes of measures at the catch-
ment scale. This model is also valuable for evaluating the long-term im-
pact and timescale of different scenarios introduced to deliver water-
quality compliance, such as the changes of land-use and fertiliser-
application rate under future climate-change impacts. However, the as-
sumptions of themodel should be considered when using themodelled
results to solve the localised nitrate problems. More complexities could
be introduced into the model in the future when it is applied to other
areas with complicated hydrogeological settings to better represent
the nitrate processes in the groundwater system.
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